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A  nickel-rich  layer  about  100  (Jim  in  thickness  with  improved  conductivity  was  formed  on  the  surface  of 
austenitic  stainless  steel  316L  (SS316L)  by  ion  implantation.  The  effect  of  ion  implantation  on  the  corrosion 
behavior  of  SS316L  was  investigated  in  0.5  M  H2S04  with  2  ppm  HF  solution  at  80  °C  by  potentiodynamic 
test.  In  order  to  investigate  the  chemical  stability  of  the  ion  implanted  SS316L,  the  potentiostatic  test 
was  conducted  in  an  accelerated  cathode  environment  and  the  solutions  after  the  potentiostatic  test 
were  analyzed  by  inductively  coupled  plasma  atomic  emission  spectrometer  (ICP-AES).  The  results  of 
potentiodynamic  test  show  that  the  corrosion  potential  of  SS316L  is  shifted  toward  the  positive  direction 
from  -0.3  V  versus  SCE  to  -0.05  V  versus  SCE  in  anode  environment  and  the  passivation  current  density 
at  0.6  V  is  reduced  from  11.26  to  7.00  pAcm-2  in  the  cathode  environment  with  an  ion  implantation  dose 
of  3  x  1017  ions  cm-2.  The  potentiostatic  test  results  indicate  that  the  nickel  implanted  SS316L  has  higher 
chemical  stability  in  the  accelerated  cathode  environment  than  the  bare  SS316L,  due  to  the  increased 
amount  of  metallic  Ni  in  the  passive  layer.  The  ICP  results  are  in  agreement  with  the  electrochemical  test 
results  that  the  bare  SS316L  has  the  highest  dissolution  rate  in  both  cathode  and  anode  environments 
and  the  Ni  implantation  markedly  reduces  the  dissolution  rate.  A  significant  improvement  of  interfacial 
contact  resistance  (ICR)  is  achieved  for  the  SS316L  implanted  with  nickel  as  compared  to  the  bare  SS316L, 
which  is  attributed  to  the  reduction  in  passive  layer  thickness  caused  by  the  nickel  implantation.  The  ICR 
values  for  implanted  specimens  increase  with  increasing  dose. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  polymer  electrolyte  membrane  fuel  cell  (PEMFC)  is  one 
of  the  most  promising  power  sources  for  transportation  and  dis¬ 
tributed  power  generation.  As  an  electrochemical  device  that 
converts  the  chemical  energy  stored  in  fuels  into  electrical  energy 
directly  [1],  it  offers  many  advantages  such  as  high  efficiency  and 
zero-emission  as  compared  to  traditional  power  sources  [2].  Since 
every  single  cell  can  only  create  a  potential  of  about  0.6  V,  it  is  nec¬ 
essary  to  assemble  many  fuel  cells  into  a  stack  with  bipolar  plates 
to  increase  the  power  output. 

The  main  function  of  bipolar  plate  is  to  connect  the  cathode 
side  of  one  cell  with  the  anode  side  of  the  other  and  to  separate  the 
reactive  gases  between  the  anode  side  (hydrogen  gas)  and  cathode 
side  (oxygen  gas).  Good  corrosion  resistance,  high  electrical  con¬ 
ductivity,  good  mechanical  performance,  high  gas  impermeability 
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and  low  cost  are  required  for  practical  applications  of  the  bipolar 
plate  materials.  Graphite  has  been  used  as  the  bipolar  plate  material 
due  to  its  good  corrosion  resistance  and  high  electrical  conductivity. 
However,  graphite  is  neither  suitable  for  transportation  applica¬ 
tions  that  demand  good  structural  durability  against  shock  and 
vibration  nor  suitable  for  large-scale  manufacturing  because  of  its 
poor  mechanical  strength  [3]. 

In  contrast  to  graphite,  metallic  materials  can  be  used  as  bipolar 
plates  because  of  their  good  mechanical  strength,  high  gas  imper¬ 
meability,  low  cost  and  ease  of  manufacturing  [4-13  ].  Stainless  steel 
is  considered  as  one  of  the  promising  candidates.  However,  surface 
modification  is  necessary  for  stainless  steel  to  be  used  for  the  bipo¬ 
lar  plate  in  PEMFC  because  of  two  major  challenges.  One  is  to  further 
improve  its  corrosion  resistance  especially  in  cathode  environment 
in  PEMFC,  although  stainless  steel  is  famous  for  its  high  corrosion 
resistance  in  common  applications.  This  is  because  metallic  ions 
produced  by  corrosion  of  metal  can  permeate  to  the  membrane 
and  degrade  its  performance  [14-16].  The  other  challenge  is  the 
passive  layer  formed  in  PEMFC  environment  which  can  lower  the 
electrical  conductivity  of  the  bipolar  plate  [17,18]. 
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Ion  implantation  is  widely  used  to  modify  surface  proper¬ 
ties  such  as  the  mechanical  and  tribological  properties.  Unlike  in 
other  thermodynamics  limited  processes  such  as  diffusion  and 
phase  transformation,  the  quantity  of  the  elements  that  can  be  ion 
implanted  is  not  restricted  by  solubility  and  phase  diagrams  [19]. 
The  elements  beneficial  to  corrosion  resistance,  such  as  Ni,  Mo  and 
Cr,  can  be  greatly  enriched  in  the  surface  layer  by  ion  implantation 
to  improve  the  corrosion  resistance  [20,21].  In  the  present  work, 
SS316L  was  implanted  with  nickel  and  the  corresponding  effects 
on  its  corrosion  resistance  in  PEMFC  environment  and  its  interfacial 
contact  resistance  (ICR)  were  investigated. 

2.  Experimental 

2.1.  Materials  and  ion  implantation 

Stainless  steel  316L  of  6  mm  in  thickness  were  used  as  the  sub¬ 
strate.  The  steel  plates  were  cut  into  15mmx  15  mm  specimens 
for  ion  implantation  and  subsequent  tests.  Before  ion  implantation, 
the  specimens  were  polished  with  A1203  waterproof  abrasive  paper 
and  were  degreased  with  acetone  in  an  ultrasonic  cleaner  and  dried 
afterwards. 

The  ion  implantation  was  carried  out  in  a  home-designed  mul¬ 
tifunctional  ion  implantation  apparatus.  The  vacuum  level  of  the 
MEWA  (metal  vapor  vacuum  arc)  implantation  target  chamber 
was  3.0  x  10_3Pa.  The  extraction  voltage  was  20  kV.  The  speci¬ 
mens  were  implanted  for  1  x  1017,  2  x  1017,  3  x  1017,  4  x  1017  and 
5  x  1017  ions  cm-2,  respectively. 

2.2.  XPS  analysis  and  surface  topography 

Kratos  AXIS  Ultra  X-ray  photoelectron  spectroscopy  (XPS)  was 
employed  to  analyze  the  composition  profiles  of  the  elements  Fe, 
Ni,  Cr  and  O  in  the  implanted  layer,  with  the  accuracy  in  the  con¬ 
centration  measurement  being  1%.  The  specimens  were  sputtered 
at  4.5  nm  min-1  with  Al  Ka  source.  The  chemical  species  of  Ni  and 
Cr  in  the  bare  and  nickel  implanted  SS316L  were  analyzed,  with 
the  binding  energy  of  the  elements  normalized  by  that  of  carbon, 
284.8  eV.  The  surface  topography  of  nickel  implanted  samples  was 
measured  with  an  atomic  force  microscope  (AFM). 

2.3.  Electrochemical  measurements 

The  potentiodynamic  and  potentiostatic  test  were  conducted 
to  evaluate  the  electrochemical  behavior  of  the  bare  and  the 
nickel  implanted  specimens  with  doses  ranging  from  1  x  1017  to 
5  x  1017  ions  cm-2.  All  specimens  were  embedded  in  epoxy  resin 
with  an  exposed  surface  of  1  cm2.  A  three-electrode  system  was 
used  for  the  electrochemical  measurements,  in  which  a  platinum 
sheet  worked  as  the  counter  electrode,  a  saturated  calomel  elec¬ 
trode  (SCE)  as  the  reference  electrode  and  the  specimen  as  the 
working  electrode.  All  electrochemical  measurements  were  con¬ 
ducted  in  0.5  M  H2S04  with  2  ppm  HF  solution  at  80  °C  with  CHI 
606C  Electrochemical  Analyzer.  The  potentiodynamic  polarization 
was  measured  in  the  range  from  -0.6  V  versus  SCE  to  1.0  V  ver¬ 
sus  SCE  with  a  potential  scanning  rate  of  1  mvs-1  after  30  min 
immersion  in  the  solution.  The  potentiostatic  test  was  carried  out 
to  investigate  the  performance  and  stability  of  the  bare  and  the 
nickel  implanted  specimens  in  the  accelerated  cathode  environ¬ 
ment.  The  potentiostatic  test  was  conducted  at  the  potential  of  0.6  V 
versus  SCE  for  10000  s  with  air  bubbling  to  simulate  the  cathode 
environment  in  PEMFC. 

After  potentiostatic  test,  the  solutions  (10-15  ml)  were  collected 
and  analyzed  by  inductively  coupled  plasma  atomic  emission  spec¬ 
trometer  (ICP-AES)  to  quantify  the  metallic  Fe,  Cr,  Ni  and  Mo  ions 


dissolved  into  the  solutions.  A  solution  containing  1  ppm  of  each  of 
the  metal  ions  in  0.5  M  H2S04  was  purchased  from  SPEX  CertiPrep 
Inc.  as  a  standard  solution.  Due  to  the  variability  in  the  plasma, 
pump  rate  and  nebulizer  efficiency,  ICP  has  a  error  bar  of  5%. 

2.4.  Interfacial  contact  resistance 

The  interfacial  contact  resistance  of  the  bare  and  the  nickel 
implanted  specimens  were  evaluated  by  the  method  described  in 
ref.  [14].  Briefly,  it  was  a  sandwiched  structure  using  two  pieces  of 
conductive  carbon  paper  that  were  sandwiched  between  the  sam¬ 
ple  and  two  copper  plates.  A  constant  current  (0.1  A)  was  applied 
via  the  two  copper  plates,  and  the  variation  in  the  total  voltage  was 
recorded  with  respect  to  the  compaction  force  that  was  steadily 
increased.  The  measured  resistance  for  the  system  was  expressed 
as  follows: 

^Total  —  2RCOppei— wire  T  2rCOpper_cp  +  2Rqp  +  2rss_cp  +  ^sample  (1) 

where  R  represent  the  respective  bulk  resistance  and  r  is  the  inter¬ 
facial  contact  resistance  between  the  respective  contact  pair.  In 
particular,  RCopper-wire>  Kcp  and  Rsample  are,  respectively,  the  sum 
of  the  bulk  resistances  of  the  copper  plate  and  the  wire,  the  bulk 
resistance  of  the  carbon  paper  and  the  bulk  resistance  of  the  SS316L, 
and  rC0pper_cp  and  rss_cp  are,  respectively,  the  interfacial  contact 
resistance  between  the  copper  plate  and  the  carbon  paper  and 
the  interfacial  contact  resistance  between  the  SS316L  sample  and 
the  carbon  paper.  When  one  piece  of  the  carbon  paper  is  sand¬ 
wiched  with  two  copper  plates,  the  resistance  of  this  new  system 
is  measured  by 

^base  =  2RCopper-wire  T  2rCOpper-CP  +  ^CP  (2) 

Since  Rsample  was  much  smaller  than  other  resistances,  we  assume 
that  it  was  negligible.  And  RCp  was  obtained  from  the  supplier.  Thus, 
ICR  between  the  SS316L  and  the  carbon  paper  (rSs-cp)  can  be  calcu¬ 
lated  from  Eqs.  (1 )  and  (2).  For  the  nickel  implanted  SS316L  samples, 
the  ICR  between  the  Ni-implanted  surface  and  the  carbon  paper 
was  measured  by  the  same  procedure  with  the  ICR  between  the 
bare  backside  and  the  carbon  paper  (rSs_cp)  being  the  same  as  that 
for  the  bare  SS316L  sample. 

3.  Results  and  discussion 

3.1.  XPS  and  surface  topography  analysis 

Fig.  1  shows  the  XPS  depth  profiles  of  the  bare  SS316L 
and  the  nickel  implanted  with  doses  of  1  x  1017,  3  x  1017  and 
5  x  1017  ions  cm-2,  respectively.  It  can  be  seen  that  a  nickel-rich 
layer  about  100  nm  in  thickness  was  formed  in  the  near-surface 
region  as  shown  in  Fig.  1  b-d,  with  the  peak  atomic  fraction  of  nickel 
being  24.2,  29.1  and  34.7%,  respectively,  all  at  a  depth  of  approxi¬ 
mately  18  nm.  It  is  noted  that  the  thickness  of  the  oxide  layer  in 
the  nickel  implanted  SS316L  sample  (about  18  nm)  is  significantly 
smaller  than  that  in  the  bare  sample  (about  50  nm). 

The  species  of  Ni  and  Cr  in  the  nickel-rich  layer  before  and  after 
ion  implantation  with  a  dose  of  3  x  1017  ions  cm-2  were  analyzed 
by  XPS.  The  results  are  shown  in  Figs.  2  and  3.  The  evolution  of 
Ni  and  Cr  before  and  after  sputtering  for  120  s  are  summarized  in 
Tables  1  and  2,  respectively.  It  can  be  seen  from  Fig.  2a  that  NO  and 
Ni(OH)2  are  dominant  species,  but  little  amount  of  metallic  Ni  is 
present  in  the  outer  layer.  After  Ar+ -sputtering  for  120  s  the  Nimet 
and  NiO  are  dominant  and  no  Ni(OH)2  is  present  (Fig.  2b).  These 
results  are  similar  to  those  reported  in  an  investigation  of  passive 
films  formed  on  Ni  in  a  H2S04  solution  [22],  which  indicates  an 
outer  layer  consisting  of  a  nickel  hydroxide  and  an  inner  layer  of 
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Fig.  1.  XPS  depth  profiles  for  the  bare  and  nickel  implanted  SS316L.  (a)  Fe,  Ni,  Cr  and  0  concentrations  for  the  bare  SS316L  (b)  for  1  x  1017  ions  cm-2,  (c)  for  3  x  1017  ions  cm-2, 
(d)  for  5  x  1017  ions  cm-2  and  (e)  Ni  concentration  for  the  bare  and  three  doses  of  SS316L.  The  sputtering  rate  is  4.5  nmmin-1. 
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Fig.  2.  Ni  and  Cr  XPS  spectra  for  the  bare  SS316L  (a)  Ni  before  sputtering,  (b)  Ni  sputtering  for  120  s,  (c)  Cr  before  sputtering  and  (d)  Cr  sputtering  for  120  s. 


nickel  oxide.  The  Cr  species  before  sputtering  consist  of  60%  Cr203 
and  40%  Cr(OH)3  (Fig.  2c).  After  sputtering  for  120  s,  the  contribu¬ 
tion  of  Cr203  decreases  to  42%,  while  that  of  Cr(OH)3  increases  to 
48%,  with  the  appearance  of  metallic  Cr  (Fig.  2d). 

After  the  nickel  implantation,  the  Ni  species  and  their  concentra¬ 
tions  are  identified  as  metallic  nickel  (Ni,  23%),  divalent  nickel  oxide 
(NiO,  41%)  and  divalent  nickel  hydroxide  (Ni(OH)2,  36%)  by  the 
respective  binding  energies  of  approximately  853, 855  and  856.3  eV 


Table  1 

Evolution  of  Ni  contributions  for  the  bare  and  nickel  implanted  with  dose  of 
3  x  1017  ions  cm-2  SS316L  in  function  of  erosion  times 


The  bare  SS316L 

Nickel  implanted  SS316L 

Ni 

Ni  species 

Ni 

Ni  species 

Before  sputtering 

Energy  (eV) 

852.5 

Nimet 

853 

Nimet 

Contribution  (%) 

13 

23 

Energy  (eV) 

855.6 

NiO 

855 

NiO 

Contribution  (%) 

87 

Ni(OH)2 

41 

Energy  (eV) 

856.3 

Ni(OH)2 

Contribution  (%) 

36 

Sputtering  for  120  s 

Energy  (eV) 

852.5 

Nimet 

852.5 

Nimet 

Contribution  (%) 

67 

68 

Energy  (eV) 

871.8 

NiO 

871.8 

NiO 

Contribution  (%) 

33 

32 

corresponding  to  the  three  main  peaks  in  the  curve  fitting  to  the 
Ni  spectrum.  It  is  noted  that  the  contribution  of  Nimet  increases  to 
23%  in  the  outer  layer  over  that  of  the  bare  SS316L.  After  sputtering 
for  120  s,  the  Ni  spectrum  (Fig.  3b)  is  fitted  with  two  main  peaks 
with  no  obvious  difference  in  the  details  of  the  curve  fitting  com¬ 
paring  to  those  for  the  un-implanted  specimens  (Fig.  2b).  For  Cr  in 
the  nickel  implanted  SS316L,  as  compared  to  that  of  the  bare  spec¬ 
imen,  the  contribution  of  Cr203  in  the  outer  layer  increases  from 


Table  2 

Evolution  of  Cr  contributions  for  the  bare  and  nickel  implanted  with  dose  of 
3  x  1017  ions  cm-2  SS316L  in  function  of  erosion  times 


The  bare  SS316L 

Nickel  implanted  SS316L 

Cr 

Cr  species 

Cr 

Cr  species 

Before  sputtering 

Energy  (eV) 
Contribution  (%) 

576.8 

60 

Cr203 

576.8 

67 

Cr203 

Energy  (eV) 
Contribution  (%) 

586.8 

40 

Cr(OH)3 

586.8 

33 

Cr(OH)3 

Sputtering  for  120  s 

Energy  (eV) 
Contribution  (%) 

573.8 

10 

Crmet 

574.2 

25 

Crmet 

Energy  (eV) 
Contribution  (%) 

575.9 

42 

Cr203 

575.9 

27 

Cr203 

Energy  (eV) 
Contribution  (%) 

577.3 

48 

Cr(OH)3 

577.3 

48 

Cr(OH)3 
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Fig.  3.  Ni  and  Cr  XPS  spectra  for  the  nickel  implanted  (3  x  1017  ions  cm-2)  SS316L  (a)  Ni  before  sputtering,  (b)  Ni  sputtering  for  120  s,  (c)  Cr  before  sputtering  and  (d)  Cr 
sputtering  for  120  s. 


60  to  67%,  while  in  the  inner  layer  (after  sputtering  for  120  s)  the 
contributions  of  chromium  oxide  and  hydroxide  decrease  from  90 
to  75%. 

The  surface  roughness  increases  with  increasing  dose  as  shown 
by  the  AFM  images  of  the  nickel  implanted  SS316L  (Fig.  2).  The 
surface  roughness  (Ka)  is  0.12,  0.35  and  1.22  nm,  respectively,  for 
the  specimens  implanted  with  doses  of  1  x  1017,  3  x  1017  and 
5  x  1017  ions  cm-2. 

3.2.  Potentiodynamic  test 

The  potentiodynamic  polarization  behavior  of  the  bare  and  the 
nickel  implanted  SS316L  in  0.5  M  FI2SO4  with  2  ppm  HF  solution  at 
80  °C  are  presented  in  Fig.  5.  Fig.  5a  and  b  shows  the  potentiody¬ 
namic  polarization  results  in  the  accelerated  anode  (FI2  bubbled) 
and  cathode  (air  bubbled)  environment,  respectively.  In  general,  all 
the  SS316L  in  the  PEMFC  environment,  bare  or  nickel  implanted, 
exhibit  a  typical  polarization  curve  that  consists  of  three  regions, 
i.e.,  active  region,  passivation  region  and  transpassive  region.  In 
the  PEMFC  anode  environment,  it  can  be  seen  that  the  corrosion 
potential  (ECorr)  of  SS316L  is  close  to  -0.3  V  versus  SCE.  After  nickel 
implantation,  the  passivation  region  narrowed  by  about  20%  and 
ECorr  in  the  anode  environment  was  shifted  toward  the  positive 
direction  and  reached  about  -0.05  V  versus  SCE  (Fig.  3a),  more 


positive  than  the  PEMFC  anode  operation  potential  of  about  -0.1  V 
versus  SCE,  implying  that  the  anode  operation  potential  is  cathodic 
to  nickel  implanted  SS316L.  For  SS316L,  the  nickel  implantation  has 
a  significant  influence  on  the  peak  passivating  current,  reducing  it 
by  two  orders  of  magnitude,  while  shifting  the  passivating  poten¬ 
tial  0.25  anodic  (from  -0.20  V  versus  SCE  to  0.05  V  versus  SCE). 
Note  that  the  nickel  implantation  with  a  dose  of  3  x  1017  ions  cm-2 
decreases  the  passivation  current  density  from  11.73  to  about 
5  |jiAcm-2.  When  the  potential  is  higher  than  0.9  V  versus  SCE,  the 
current  density  increase  rapidly  for  all  the  specimens  due  to  the 
dissolution  of  the  passive  film. 

The  corrosion  potential  (ECorr)  in  the  cathode  environment 
(Fig.  5b)  also  shifted  toward  the  positive  direction  after  nickel 
implantation.  The  same  as  the  SS316L,  the  current  density  increased 
dramatically  when  the  potential  reached  about  0.9  V  versus  SCE. 
Fortunately,  the  PEMFC  cathode  operation  potential  (0.6  V  versus 
SCE)  is  in  the  passivation  region,  in  which  a  stable  passive  film 
is  formed  on  the  surface.  The  passivation  current  density  for  the 
bare  and  the  nickel  implanted  SS316L  at  0.6  V  versus  SCE  is  listed 
in  Table  3.  The  passivation  current  density  of  SS316L  in  the  cathode 
operation  potential  (0.6  V  versus  SCE)  is  11.26  p,Acm-2.  For  low  ion 
implantation  doses,  the  current  density  at  0.6  V  versus  SCE  decrease 
with  increasing  nickel  implantation  dose.  When  the  dose  is 
1  x  1017, 2  x  1017  and  3  x  1017  ions  cm-2,  the  current  density  at  the 
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Table  3 

The  passivation  current  density  (iJiAcm-2)  for  the  bare  and  nickel  implanted  SS316L  at  0.6  V  vs.  SCE  (PEMFC  cathode  environment) 


Bare  SS316L 

1  x  1017  Ni  cur2 

2  x  1017  Nicirr2 

3  x  1017  Nicrn-2 

4  x  1017  Nicm-2 

5  x  1017  Ni  cm-2 

11.26 

7.91 

7.28 

7.00 

7.02 

7.89 

cathode  operation  potential  is  7.91,  7.28  and  7.00  p,Acnrr2,  respec¬ 
tively.  The  current  density  for  the  SS316L  nickel  implanted  with 
a  dose  of  3  x  1017  ions  cm-2  is  reduced  by  more  than  one  third  as 
compared  to  that  for  the  bare  specimen,  which  implies  that  the  ion 
implantation  of  Ni  could  effectively  decrease  the  corrosion  rate  of 
the  passive  film.  This  could  be  attributed  to  the  increase  of  metallic 
Ni  in  the  passive  layer.  As  the  exchange  current  of  hydrogen  is  rela¬ 
tively  small  with  nickel,  the  nickel  implanted  SS316L,  which  contain 
more  metallic  Ni  than  the  bare  SS316L,  can  maintain  the  passivation 
current  density  at  a  lower  level  when  the  polarization  potential  is 
increased.  However,  when  the  dose  is  4  x  1017  or  5  x  1017  ions  cm-2, 
the  current  density  increased  to  7.02  and  7.89  ixAcnrr2,  respec¬ 
tively.  It  is  easy  to  understand  the  slight  increase  of  the  current 
density  from  the  AFM  images  (Fig.  4c).  The  ion  implantation  dete¬ 


riorated  the  surface  integrity  and  created  flaws  and  defects  which 
would  accelerate  the  corrosion  rate. 

3.3.  Potentiostatic  test  and  ICP  measurements 

As  can  be  seen  from  the  potentiodynamic  test  results  (Fig.  5a), 
the  anode  environment  is  protective  for  the  nickel  implanted 
SS316L,  so  the  potentiostatic  test  was  conducted  to  examine 
the  current  density  for  a  long-term  operation  only  in  the  cath¬ 
ode  environment.  The  current  density  as  a  function  of  time 
is  recorded  and  plotted  in  Fig.  6.  The  current  density  of  all 
specimens  decreased  rapidly  in  the  beginning  and  then  was  grad¬ 
ually  stabilized.  This  reduction  in  the  current  density  reflects 
the  formation  of  the  passive  film  on  the  surface.  For  the  bare 


Fig.  4.  AFM  images  (tapping  mode)  of  the  nickel  implanted  SS316L.  (a)  1  x  1017  ions  cm-2,  (b)  3  x  1017  ions  cm-2  and  (c)  5  x  1017  ions  cm-2. 
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Fig.  5.  Polarization  curves  for  the  bare  and  the  nickel  implanted  SS316L  in  0.5  M 
H2SO4  with  2  ppm  HF  at  80  °C:  (a)  bubbled  with  H2  and  (b)  bubbled  with  air. 

SS316L,  the  stabilized  current  density  is  relatively  high  as  of 
lOpAcm-2.  But  for  the  nickel  implanted  specimens,  they  are 
quite  low,  being  1.3,  1.0,  0.8,  1.4  and  2.1  |jiAcnrr2  at  the  end 
of  the  experiment,  for  the  respective  dose  in  increasing  order. 
These  are  in  agreement  with  the  polarization  curves  (Fig.  5b) 
in  which  the  current  density  decrease  as  the  ion  implantation 


Fig.  6.  Transient  currents  of  the  bare  and  the  nickel  implanted  SS316L  at  0.6  V  vs. 
SCE  in  0.5  M  H2SO4  with  2  ppm  HF  at  80  °C  bubbled  with  air  (cathode  environment). 


Table  4 

Fe,  Ni,  Cr,  Mo  ion  concentrations  for  the  bare  and  nickel  implanted  SS316L  after 
potentiostatic  test  in  PEMFC  cathode  environment  (averaged  for  three  samples) 


Ion  concentration  in  PEMFC  cathode  environment 
after  10,000  s  (ppm) 

Fe 

Ni 

Cr 

Mo 

Bare  SS316L 

2.94 

1.53 

0.37 

0.06 

1  x  1017  Nicrrr2 

1.28 

0.29 

0.04 

0.02 

2x  1017  Ni  cm-2 

0.91 

0.18 

0.03 

0.02 

3  x  1017  Nicrrr2 

0.34 

0.04 

<0.01 

- 

4 x  1017  Nicrrr2 

0.61 

0.09 

<0.01 

- 

5x  1017  Ni  cm-2 

1.16 

0.14 

0.05 

0.02 

dose  increase  and  reach  its  minimum  when  the  dose  became 
3  x  1017  ions  cm-2. 

The  solutions  after  potentiostatic  test  for  10,000  s  were  col¬ 
lected  and  the  metal  ions  dissolved  were  analyzed  by  ICP  and 
the  results  are  summarized  in  Table  4.  Fe  is  found  in  the  high¬ 
est  concentration  in  all  cases,  due  to  its  high  concentration  in 
the  SS316L  and  its  selective  dissolution  [23].  The  bare  SS316L 
yield  the  highest  concentrations  of  Fe,  Ni,  Cr  and  Mo  in  the  solu¬ 
tion,  while  the  nickel  implanted  specimens  yield  significantly 
reduced  concentrations.  The  greatest  reduction  of  the  ion  concen¬ 
trations  in  the  solution  is  achieved  with  the  implantation  dose 
of  3  x  1017  ions  cm-2.  In  specific,  Fe  ions  are  reduced  9  times,  Ni 
38  times,  Cr  37  times  and  Mo  is  even  below  the  detectable  level, 
compare  to  the  bare  SS316L.  These  data  imply  that  good  corro¬ 
sion  resistance  is  achieved  by  the  nickel  implantation,  in  good 
agreement  with  what  the  polarization  curves  (Fig.  5b)  and  the 
potentiostatic  test  results  (Fig.  6)  imply.  The  ICP  results  also  con¬ 
firm  the  same  slight  increase  in  the  current  density  as  we  have 
already  discussed  for  electrochemical  results,  for  the  specimens 
with  implantation  doses  of  4  x  1017  or  5  x  1017  ions  cm-2.  When  the 
dose  is  increased  to  5  x  1017  ions  cm-2,  Fe,Ni,  Cr  and  Mo  ion  concen¬ 
trations  are  detected  as  1.16,  0.14,  0.05  and  0.02  ppm,  respectively, 
higher  than  those  for  the  dose  of  3  x  1017  ions  cm-2.  The  reason 
could  be  attributed  to  the  increase  of  the  flaws  and  defects  cre¬ 
ated  by  over  dose  of  ion  implantation  and  the  deteriorated  surface 
integrity. 

It  is  interesting  to  find  that  the  ratio  of  the  amount  dissolved  in 
the  potentiostatic  test  to  the  concentration  in  the  specimen  for  Ni 
is  higher  than  that  for  Cr  as  measured  from  the  XPS  and  ICP  results, 
which  imply  that  chromium  oxide  and  hydroxide  have  lower  cor¬ 
rosion  rate  compared  with  Ni  and  its  oxide  and  hydroxide  in  the 
passive  layer,  as  the  oxide  and  hydroxide  are  the  main  species  of 
the  metallic  elements.  It  is  expected  that  Cr  implantation  on  SS316L 
might  improve  the  corrosion  resistance  to  a  higher  extent. 

3.4.  Interfacial  contact  resistance 

The  interfacial  contact  resistance  between  the  nickel  implanted 
SS316L  and  the  carbon  paper  was  investigated  as  a  function  of  com¬ 
paction  force  (Fig.  7).  ICR  values  for  the  bare  316L  stainless  steel 
and  graphite  were  also  measured  for  comparison.  The  typical  com¬ 
paction  force  in  PEMFC  is  marked  and  the  ICR  value  of  all  specimens 
is  listed  in  Table  5  [3,8].  It  can  be  seen  from  Fig.  7  that  the  ICR 
values  decrease  with  increasing  compaction  force,  as  a  result  of 
the  increasing  contact  points  between  the  carbon  paper  and  the 
stainless  steel  and  the  increasing  actual  conductive  area  [1].  The 
Rbase  follow  the  same  trend,  ranging  from  12.2  m^  at  30Ncm2 
to  1.4mfi  at  360  N  cm-2.  The  ICR  for  the  bare  SS316L  is  higher 
than  that  for  any  nickel  implanted  SS316L  over  the  whole  range 
of  applied  compaction  force.  In  particular,  the  ICR  value  for  the 
bare  SS316L  is  312.8  m^  cm2  under  the  typical  compaction  force, 
and  that  for  the  Ni  implanted  with  a  dose  of  1  x  1017  ions  cm-2  is 
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Table  5 

The  ICR  values  for  the  bare  and  nickel  implanted  SS316L  and  graphite  (m£2  cm2) 


Bare  SS316L 

1  x  1017  Nicm-2 

2  x  1017  Nicm-2 

3  x  1017  Nicm-2 

4  x  1017  Nicm-2 

5  x  1017  Nicm-2 

Graphite 

312.8 

36 

119.5 

131.8 

155.3 

263.3 

5.4 

Fig.  7.  Interfacial  contact  resistances  between  the  bare  and  nickel  implanted  SS316L 
and  the  carbon  paper  at  different  compaction  forces. 

36m£2cm2,  reduced  by  more  than  8  times.  The  overall  reduction 
in  ICR  by  ion  implantation  is  attributed  to  the  change  in  the  pas¬ 
sive  layer’s  thickness  and  the  amounts  of  metallic  species  of  Ni 
in  this  layer.  The  thickness  is  reduced  from  50  to  18  nm  and  the 
metallic  nickel  is  increased  from  13  to  23%,  compare  with  those 
of  the  bare  specimen.  The  ICR  for  nickel  implanted  with  a  dose  of 

1  x  1017  ions  cm-2  is  the  lowest  and  the  ICR  value  increase  with  the 
dose  of  ion  implantation  in  the  applied  pressure  range.  The  vari¬ 
ation  of  ICR  with  respect  to  the  compaction  forces  is  presumably 
related  to  the  surface  roughness  that  increases  with  increasing  dose 
after  the  implantation,  since  the  passive  layer  thickness  remains 
the  same  and  the  amount  of  metallic  Ni  increases  with  increas¬ 
ing  dose,  which  does  not  result  in  the  increase  of  ICR.  The  actual 
ICR  is  influenced  both  by  the  contact  area  between  the  specimen 
and  the  carbon  paper,  and  the  local  pressure  on  the  contact  spot 
that  varies  on  a  fluctuating  surface,  which  is  further  influenced  by 
the  mechanical  stiffness  of  the  carbon  paper.  However,  the  detail 
of  the  mechanism  has  not  been  clarified,  because  an  experimental 
quantification  of  these  effects  is  difficult  to  carry  out  at  the  current 
stage. 

4.  Conclusions 

The  316L  stainless  steel  was  nickel  implanted  for  1  x  1017, 

2  x  1017, 3  x  1017, 4  x  1017  and  5  x  1017  ions  cm-2,  respectively.  The 
potentiodynamic  and  potentiostatic  test  measured  at  80  °C  in  0.5  M 
H2SO4  with  2  ppm  HF  solution,  and  the  ICP  results,  which  are 


in  agreement  with  each  other,  demonstrate  that  the  corrosion 
resistance  is  improved  by  the  formation  of  a  Ni-rich  surface  layer 
with  ion  implantation.  In  particular,  when  nickel  implanted  with 
a  dose  of  3  x  1017  ions  cm-2,  the  corrosion  potential  (£Corr)  moved 
to  about  -0.05  V  versus  SCE  in  the  accelerate  anode  environment 
and  the  passivation  current  density  reduced  to  7  pAcm-2,  indicat¬ 
ing  that  nickel  implantation  could  greatly  improve  the  corrosion 
resistance  of  SS316L  in  both  anode  and  cathode  environment.  How¬ 
ever,  when  the  ion  implantation  was  carried  out  for  increased  dose 
(for  4  x  1017  and  5  x  1017  ions  cm-2 ),  the  current  density  increased, 
indicating  that  the  flaws  and  defects  caused  by  the  ion  implanta¬ 
tion  deteriorated  the  Ni-rich  layer’s  corrosion  resistance.  The  nickel 
implantation  could  markedly  decrease  the  interfacial  contact  resis¬ 
tance  of  SS316L  due  to  the  reduction  in  passive  layer  thickness. 
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